Thermoplastic elastomer/carbon nanotube composites are studied for sensor applications due to their excellent mechanical and electrical properties. Piezoresisitive properties of tri-block copolymer styrene-butadiene-styrene (SBS)/ carbon nanotubes (CNT) prepared by solution casting have been investigated. Young modulus of the SBS/CNT composites increases with the amount of CNT filler content present in the samples, without losing the high strain deformation on the polymer matrix (~1500 %). Further, above the percolation threshold these materials are unique for the development of large deformation sensors due to the strong piezoresistive response. Piezoresistive properties evaluated by uniaxial stretching in tensile mode and 4-point bending showed a Gauge Factors up to 120. The excellent linearity obtained between strain and electrical resistance makes these composites interesting for large strain piezoresistive sensors applications.
Introduction
Elastomeric polymers are promising materials for the development of composite samples for sensors and actuator applications, among other factors, due to their large deformation, flexibility and impact resistance [1] .
In order to expand their range of applicability, in particular to the sensor field, the electrical properties of elastomers can be tailored through the incorporation of carbon nanotubes (CNT).
Applying this approach, composites using carbon nanoallotropes and thermoplastic elastomeric materials (TPE) have found applications in electrostatic charge dissipation, electromagnetic interference shielding, field emission devices, pressure or deformation sensors and aerospace [2] . Due to the large strains and high impact resistance, such materials are also promising for the substitution of silicon based force and deformation sensors as well as strain gages [3] .
Conductive TPE composites exhibit excellent mechanical and electrical properties and can be used as artificial muscles, electromechanical actuators, touch control, switches and shapememory polymers [2] . Small amounts of CNT incorporated in the matrix can enhance the mechanical properties, electrical and thermal conductivity. The filler can be randomly distributed or oriented within the TPE matrix, by applying a magnetic or electric field, in order to optimize the piezoresistive properties in the desire direction [4] .
The dispersion of CNT in a polymer matrix is one of the most studied issues in polymer composites and physical and chemical strategies for CNT cluster segregation are commonly used. Several chemical agents are used for this purpose, including xylene [2] , dehydrated ethyl alcohol [5] , toluene and ethanol [6] , among others, in order to achieve higher composite homogeneity [2, 7] and reduced the clusters size [2] . By applying such dispersion agents, the aims are to obtain a better dispersion of the fillers within the polymer matrix and, as a result, to decrease the percolation threshold and enhance electrical properties while maintaining proper elastomeric behavior [8, 9] .
Thermoplastic elastomers based on a tri-block copolymer styrene-butadiene-styrene (SBS) have similar properties than rubber without the need of the vulcanization step. They show good chemical stability, low temperature flexibility and damping properties [10] . SBS is an interesting elastomer material for scientific and technological applications due to its large elongation at break and durability and when obtained without the vulcanization chemical treatment [11] , no degradation of the mechanical and electrical properties occurs [11] . The different butadiene/styrene copolymer ratio influences the material morphology, mechanical, electrical and thermal properties. Usually, butadiene is the larger component and the quantity of styrene can go up to 50%.
Studies on polymer/CNT composites can be found regarding the evaluation of dispersion, mechanical, electrical and thermal properties, as well as the development of applications [8, 9] .
Within this field, thermoplastic elastomeric polymers with CNT are gaining increasing attention [2, 8, 9, 12] . The electrical properties of these composites are strongly dependent on CNT concentration present in the composite [2, 8, 9] and on chemical modification of the surface of the CNT's [8, 9, 13] . . SBS shows a good thermal stability with the glass transition at -80 ºC, due to the butadiene phase and at 100 ºC assigned to the styrene compound present in the copolymer [2] , and the incorporation of the CNT filler does not change them significantly [2] . Further the SBS /CNT have excellent mechanical properties like strain more than 1000 %, similar stress-strain curves with amount of CNT and several ratios of styrene and butadiene in matrix of these composites.
The Young modulus increases with decreasing butadiene in SBS and electrical percolation threshold is similar for the different SBS matrix [14] .
One key issue of these composites for piezoresistive sensor development is the linearity between electrical resistivity with variation of strain. The gauge factor (GF) can be tailored by changing CNT concentration or pre-strain to the material, in order to obtain sensors with tailored sensibility [15] .
In the present work, SBS/CNT composites with different SBS morphologies, radial and linear, and with different filler contents were prepared by solvent casting in order to study the influence of the carbon nanotubes in the piezoresistive properties of the composite samples and to evaluate the performance of the composites for sensor applications. Four-point bending and uniaxial tensile mechanical tests were performed while monitoring the variation of the sample resistance.
Experimental

Materials and Processing
High purity multi-walled carbon nanotubes (MWCNT) were provided by Bayer Materials Science, Germany (Baytubes C 150P; purity > 95%, outer mean diameter = 13-16 nm; length = 1-10 μm) and commercial Calprene C401, C411, C500 and 540 tri-block SBS copolymer was supplied by Dynasol Gestión, S.A (Spain). The elastomeric matrix is composed by different relative contents of styrene and butadiene and morphologies, radial and linear (table 1) . 
Where R is the resistance of the sample, d the thickness and A the area of the electrodes.
Electro-mechanical Characterization
Electro-mechanical tests were performed by measuring the electrical resistance of the sample, The evaluation of the piezoresistivite response during the uniaxial stress tests was performed at different speed rates (from 1 to 50 mm/min) and strain (1 to 50%). In same uniaxial stress tests using a pre-strain until 30% was applied. In order to obtain the average electro-mechanical response, 10 loading unloading cycles were measured for each sample, being the gold electrodes in contact with the clamps, in order to prevent any deformation during experiments.
For the 4-point-bending measurements (figure 2), the sample was glued to the bottom of a poly(propylene) board. Gold electrodes with an area of 6 x 1 mm were placed at the bottom of the sample. For all experiments, 4 loading-unloading cycles were performed and the average electro-mechnical response evaluated. The experimental conditions for the electro-mechanical measurements are summarized in table 2. Variations of the electrical resistance due to mechanical deformation are quantitatively evaluated by the Gauge Factor (GF), defined as:
where R is the sample electrical resistance without mechanical deformation and is the resistance change caused by the variation in length ( ) [13] . The GF can be also written as:
where d ⁄ = and is the Poisson ratio. From equation (3) it is possible to observe that the GF has a contribution from the intrinsic piezoresistive effect ( In uniaxial stretching mode experiments (method 1) equation 2 was used for the calculation of the GF, using the evolution of the resistance during the stress-strain measurements. In 4-pointbending mode experiments (method 2), the mechanical strain was calculated from the theory of a pure bending plate to a cylindrical surface, valid between the inner loading points, and given by [14] :
Where d, z and a are represented in Figure 2 . Experiments were performed in samples of the different polymer matrix shown in Table 1 for CNT filler contents between 0 and 8%wt. The GF value was calculated for each cycle, from the z-displacement and the electrical resistance data, by taking the fit curve by linear regression. Finally, average GF value was calculated for each sample.
Results and Discussion
Elastomeric materials are known for their outstanding deformation, that can reach ~1500 %, and it was observed that the incorporation of CNTs up to 8wt% into the polymer matrix does not influence the maximum strain. On the other hand it is observed an increase of the elastic modulus from 1.5 MPa obtained for the SBS matrix up to 150 MPa for a CNT concentration of 8wt% [14] .
Mechanical hysteresis
The mechanical properties of SBS like Young modulus, maximum strain or hysteresis are key issues for applications as piezoresistive sensors, where mechanical properties play an important role in sensor response and reliability.. The mechanical hysteresis is important to analyze when reproducibility of composites in innumerous stress-strain tests is crucial in sensor applications.
Good linearity of electrical resistance depends of mechanical properties of composites in stretched applications.
The mechanical hysteresis of these nanocomposites was characterized in stress-strain tests for ten cycles for several deformations 5%, 10% and 20% (figure 3). It was observed that loading and unloading curves do not coincide during two successive cycles, given evidence of a mechanical hysteresis in these composites. The mechanical hysteresis decreases with increasing number of cycles in the composite, in particular for the first few cycles (figure 3a), and increases for increasing strain (figure 3b). For elastomeric matrix with carbon nanofillers the mechanical hysteresis increases in increasing nanofiller content in the composite both in uniaxial tension and compression [16] . As mentioned, this value increases for increasing strain and decrease with increasing number of cycles for each composite. Comparing different ratios of butadiene and styrene in the polymer matrix, the larger hysteresis value is for the harder copolymer (C540 with 40% of styrene), followed by C411 matrix for 20% of strain, as presented in figure 4 . The copolymer with lower mechanical hysteresis is C401, the one with lower styrene content (20%). For copolymers with same styrene content (C411 and C500, with 30% of styrene), the larger hysteresis is for C411, as the radial structure shows slower recovery dynamics than the linear structure [14] . This behavior is related to the one observed for the Young modulus, with bigger values for matrixes with more styrene, and
for same values of styrene, the radial structure have bigger young modulus values [14] .
Electrical and electro-mechanical response
Electrical measurements on SBS/CNT composite samples prepared with different SBS ratios and morphologies (table 1) and with several amounts of conductive filler show that the composite electrical conductivity is not strongly dependent on the matrix morphology or styrene/butadiene relative content (figure 5), the conductivity being nevertheless higher for the sample with less butadiene present in the sample and with linear morphology (C540). The percolation threshold is found to occur around 1%wt CNT concentration present in the material.
The sample with less styrene and with radial structure (C401) showed a smaller value of conductivity until percolation threshold, when compared to the other samples. MWCNT (wt%) Figure 5 -Log of electrical conductivity as a function of MWCNT content for the four different matrixes, C401, C411, C500 and C540, as specified in Table 1 .
Composites near electrical percolation threshold generally show the larger variation of the electrical resistance with the applied mechanical deformation [17, 18] . In the present case of elastomeric materials, the GF is also large around the percolation threshold, but due to the small filler content at the threshold, just small deformations (below 5%) can be applied before a strong decrease of the electrical conductivity occurred due to the strong decrease of the local concentration of the filler, which destroy the conductive path between fillers [19, 20] .
Therefore, for large deformation sensors, composites with larger concentration of CNT, above the percolation threshold, have to be considers, in order to undergo strains up to ɛ~ 50% with linear variation of the electrical resistance and with resistance values compatible with the development of strain sensors [14] . Thus we use in electro-mechanical measurements composites samples with 4%wt CNT to analyze GF for larges deformation.
Electro-mechanical response under uniaxial stress
Electro-mechanical response was measured in uniaxial stress and in 4-point bending. In uniaxial stress the mechanical measurements were performed to the composite with filler content of 4 wt% CNT (figure 6a) and the GF was determined by the variation of resistance during the loading and unloading cycles of the mechanical solicitation (figure 6a), according to equation 2. The piezoresistive response for uniaxial stress method was analyzed for C401, C411, C500 and C540 SBS matrix with 4%wt CNT in function of deformation, between 5% to 20%, and in C540 matrix for pre-stress (until 30%) at maximum deformation of 20%, and for several speed at four different deformation (5%, 10%, 20% and 50%). The GF was determined applying equation 2.
The four different elastomeric matrixes have distinct behavior for GF at different deformations and speed of v= 2 mm/min (figure 7a). SBS matrix with a linear structure showed higher GF than the samples with a radial morphology. This is influenced by mechanical hysteresis properties with radial structure shows slower recovery dynamics than the linear structure [14] .
Moreover, the amount of butadiene present in the composites influences the GF where being lower for the samples with more butadiene in their composition (table 1) . C401, C411 and C500 SBS matrix have a lower GF value (GF< 10) and distinct behavior with deformation. Composite with higher amount of styrene with linear structure (C540 with 40% styrene) has the highest value of GF and an increase of the GF was observed with increasing deformation (at up a maximum of 20%). This GF behavior is related to the mechanical response of the these composites as the elastic modulus is around 5 times bigger for the C540 then for other elastomeric matrixes, with 4%wt CNT [15] . The results show that polymer morphology and styrene/butadiene ratio influence the mechanical behavior of the matrix and somehow elastomeric crystallization induces larger CNT reorganizations within the matrix and therefore variations in the electrical properties, when subjected to mechanical strain, and therefore larger values of the GF, in particular for samples with linear morphology.
Due to the nanoscale dimensions of the carbon nanotubes, the interfacial regions that surround the filler are also in nanometer dimensions and the applied load can be easily transferred from matrix to MWCNT's. There are three synergizing aspects of interaction in carbon nanotube based nanocomposites, i. e., polymer-nanotube interaction, nanotube-nanotube and intra polymer interactions. Despite an increase interest in carbon nanotube filled polymer composites, the mechanism and magnitude of load transfer between the polymer matrices and the filler are still unclear [21] . In the present work, it seems that the MWCNT's present in the SBS matrix with radial structure are poorly wrapped by elastomeric amorphous chains, and when a mechanical load is applied to such nanocomposite, and due to the nature of such anisotropic structure, polymer chains will not aligned easily in the direction of the mechanical solicitation and consequently, the conductive filler only will suffer minor rearrangement due to the poor wrapping between the filler and the matrix, and the change in the electrical resistance will be smaller, giving origin to reduced GF values. On the other hand, it seems that for the linear structure, the SBS amorphous chains wrapped with more contact points the MWCNT's, and when the mechanical load was applied, the chains are more easily aligned in the stretch direction, giving origin to a local decrease of the concentration by increasing the distance between the each neighbor filler, and consequently an increase of the electrical response of the material occurs, contributing for higher GF values found in the samples with linear structure when compared to the radial ones.
Small values of uniaxial stretching do not change the CNT distribution and consequently, the effect on the electrical response is not influenced in strong manner by this solicitation [20] . The average number of paths seems similar for stretched until 3% [20] and CNT dislocations would not be sufficiently large to break the percolations networks [20] . On the other hand, larger strains induce reorientation of the filler in the direction of the applied mechanical load and therefore stronger variations in the electrical properties of the composite samples [22] . In order to maximize the GF response of the elastomeric nanocomposites, a pre-stress from 0%
to 30%, was performed to the C540 matrix sample. In this measurement the composites were pre-stressed at 30% of initial distance between claws and then the electromechanical tests were performed at 20% of deformation and 2 mm/min. The obtained results shows an increase of the GF value with a small increase of the pre-stress from GF~ 20 for up to GF~100, for stress of 5%, and remains almost constant for higher pre-stress values (figure 7b). Pre-stretching will cause both an increase of the apparent Young modulus and a reorientation of the fillers to a unstable configuration. In this situation, a further increase of the stretching will lead both to larger internal stresses [23] and to larger variations of the conductive network, leading to larger values of the GF. Theoretical previous that aligned CNT make composite sample more sensitive (increase GF value) that non-aligned CNT [20] and this can be important to increase GF for bigger deformations, if the CNT align with the applied deformation in electromechanical tests.
Proceed searching to maximize the piezoresistive properties in SBS matrix composites we effort to understand the influence of the speed on mechanical solicitation in the GF values ( figure 8 ).
For several deformation of 5%, 10%, 20% and 50% at different speed of 1 to 50 mm/min in C540 SBS matrix we analyze the behavior GF ( figure 8 ). The obtained results suggest that an applied pre-strain improve the piezoresistive response of the nanocomposites. It seems that an increase of the GF values occurs, but this increase is specially stronger for smaller pre-strains and for intermediated deformation speeds ( figure 8 ). For smaller pre-strains and the alignment of the MWCNT's will be poor and the orientation will be similar to the obtained after processing and when a load is applied, especially at smaller speed rates, the mechanical load transferred from the polymer matrix to the filler is not enough to promote alignment of the conductive filler in the direction of the applied stress due to the poor wrapping of the amorphous chains and consequently the electrical response of the nanocomposites will be smaller. On the other hand, for higher deformation rates, the mechanical load happens to fast and due to the week bonding between the polymer chains and the conductive filler, which only occurs at nanoscale points in the MWCNT, such higher mechanical solicitation will quickly destroy the bonds between the filler and the matrix and consequently the polymer chains will align in the direction of the applied stress, but the MWCNT's only not suffer same mechanical load and the electrical response will be smaller, being the effect similar to the one observed for the mechanical strain rate of 5 mm/min (figure 8b). Further, when the strain was applied at 10 and 20 mm/min, the rate was not enough to destroy the bonds between the matrix and the conductive filler, and consequently MWCNT's can follow the direction of the mechanical solicitation, contributing for higher aligment and local decrease of filler concentration, which promotesan increase of the GF values obtained ( figure 8 ).
until 10 mm/min -larger increase for small mechanical deformations 5% and 10% and slight increase for bigger deformation 20% and 50%. For 5% of deformation the GF still increase for speed of 20 mm/min, but decrease for maximum speed. In the remaining deformations GF value decrease for speed greater than 10 mm/min. The composites samples show that variation on electrical resistance follows the stress-strain tests at speed around 10 mm/min and denoting a major difficulty for bigger speeds. 
Electro-mechanical response under 4-point-bending
Typical 4-point-bending experiments are show in figure 9 , where four loading-unloading cycles are shown for the C411 sample with 4%wt CNT content. The variation of electrical resistance follows linearly the mechanical deformation in four cycles over time. The deformation in this method 2 is quite different from those applied in method 1. The maximum strain I 1 mm at several speeds. The applied force is perpendicular to the plane of the composite sample, unlike the method 1. There are two different effects contributing to the GF: the intrinsic piezoresistive effect and the geometric effect (equation 3). For this kind of materials, the Poisson ratio is usually close to 0.35, which means that the geometric effect contribution to GF is around 1.7 [24] . Figure 10 shows that for concentrations of the 4%wt CNT, the geometric factor is dominant for small deformations, but for deformations larger than 1% the intrinsic effect due to strain-induced modification of the conductive network is dominant.
Conclusions
The SBS tri-block copolymers have excellent properties for piezoresistivity sensors at larges deformations, when mixed with carbon nanotubes at percolation threshold or above, offering electrical properties to the isolator matrixes. The electrical percolation threshold is around 1%wt
for all different matrixes composites and has a similar behavior for electrical conductivity.
These composites with 4%wt of CNT can present sensors for larges deformations -until 50% -with high Gauge Factor values.
The SBS matrix, for uniaxial stress method, which has bigger GF is C540, which increase with deformation. For increase the sensibility and GF of these composites are applied initial prestrain until 30%. Applying a pre-strain of 5% or higher, and increase around 75 up to 8 % of the GF was observed for the C540 SBS/CNT composite with 4%wt CNT. The gain in sensibility of the composite is huge with application of pre-stress and can be as high as GF =120. The GF in function of speed increase at 10 mm/min, and have a distinct behavior for the superior speeds for different matrixes. Thus the maximum GF is obtained using a pre-strain (5% or 10%), speed around 10 mm/min. These composites MWCNT/SBS can be used in sensor for larger deformation, 50% of strain, with high GF.
For method 2 we measure the comportment of the GF for several speeds and deformations, for all SBS matrixes. In function of deformation the matrix that shows bigger values of GF is
C401and the values goes 40 < GF < 100 and for others matrix is less than GF < 30. In function of speed the comportment is similar to strain and varying from 80 < GF < 120 for C401 SBS matrix and for others matrixes the GF shows similar values than in function of strain.
These composites present mechanical hysteresis which increase with strain and it's bigger for initial curves, decreasing in the curse of curves. Mechanical hysteresis is bigger for the matrixes with more styrene. 
